Abstract The amorphous Co 3 O 4 nanostructure, which adopted sodium hexametaphosphate as structure-directing agent, has been successfully synthesized in large scale via two steps: preparation of the precursor and the calcination process. . Besides, the SC degradation is only 10.05 % after 250 continuous charge-discharge cycles at 5 mA cm −2
Introduction
Supercapacitors, as one class of energy storage devices, have attracted extensive attention because of their highly improved power density, long cycle life, and short charge time, and are thus one of the potential options in tackling the energy and environmental challenges emerging to accompany with the rapid developments of modern society [1] [2] [3] . On the basis of the electrode materials and charge storage mechanisms, electrochemical supercapacitors can be classified as electrical double-layer capacitors [4] [5] [6] and Faradic redox reaction pseudocapacitors [7] [8] [9] . To date, carbon-related materials have been widely utilized as building blocks to construct electrodes for double-layer capacitors due to their good processing ability, large surface area porosity, good cycle life, and low cost [10, 11] . However, the devices fabricated suffer from their relatively low capacity in storing charge [11] . In contrast, the Faradic redox reaction pseudocapacitors made with transition metal oxides have drawn extensive research attention due to their improved specific capacitances through tuning of the microstructures of these materials [12] [13] [14] [15] [16] . Supercapacitors made with RuO 2 materials show excellent performances with a specific capacitance; however, the practical applications of supercapacitors fabricated with RuO 2 -based materials are hindered due to their high cost and the difficulty in accessing these materials. Toward the end of commercializing electrochemical capacitors in applications, diverse efforts have thus focused on low-cost transition metal oxide materials such as MnO 2 , V 2 O 5 , NiO, and Co 3 O 4 , which are a group of very promising supercapacitor electrode materials as substitute to the expensive and toxic RuO 2 . Cobalt oxide, as typical transition metal oxide, has been utilized in designing and fabricating catalysts [17] , biosensors [18] , field emitters [19] , and Li batteries [20] , which is a kind of promising electrode material with the consideration of low cost, natural abundance, and environmental safety for pseudocapacitors [21, 22] . Furthermore, for cobalt oxide electrode, its difficulty for electrolyte penetration and poor electronic conductivity result in a relatively low specific capacitance and ineffective utilization of the active material as supercapacitors. For instance, various nanostructured Co 3 O 4 powders including nanoparticles [22] , nanowalls [23] , nanowires [24] , nanorods [25] , nanotubes [26] , nanoboxes [27] , polyhedrons [28] , and hierarchical microspheres [29] have already been synthesized successfully with different methods. Novel supercapacitors with excellent performances have been fabricated with sheets of Co 3 O 4 nanostructures [30, 31] . Recently, it was found that Co 3 O 4 polyhedrons prepared with organic solvents such as citric acid and polyvinyl alcohol show fine capacitance [32] . There are very few studies in the literature that show how inorganic solvents affect the formation of Co 3 O 4 microstructure in terms of growth mechanism and property.
Herein, we report a simple and facile approach to prepare Co 3 O 4 polyhedrons without any solvent through a two-step synthetic method. After adopting sodium hexametaphosphate calgon [(NaPO 3 ) 6 ] as inorganic structure-directing agent in the liquid phase reaction, we get the formless Co 3 O 4 nanoplates with loose structures which perform excellent pseudocapacitive characteristics and good stability. The result indicates that the structure-directing agent plays an important role in the process of precursor formation.
Experimental
All of the reagents were analytically pure, purchased from Tianjin Chemical Industrial Co. Ltd. (Tianjin, China), and used without further purification.
Sample preparation
Typically, 1.19 g of CoCl 2 ·6H 2 O and 0.119 g of (NaPO 3 ) 6 together with 0.3 g cetyltrimethylammonium bromide were dissolved in 30 mL deionized water to form a homogeneous solution in the open beaker under continuous magnetic stirring. Then, the solution was poured into three flasks and was heated up to 60°C by condensing water bath. Next, 1.46 mL of hydrazine hydrate (N 2 H 4 ·H 2 O) 30 mL aqueous solution was added. The mixed solution was kept at 60°C for 2 h. After the solution was cooled down to room temperature naturally, the precipitate was collected by vacuum filtration and rinsed with deionized water and ethanol for several times, and dried in an oven at 80°C for 12 h to get the pink powders of precursor. Finally, the sample was calcined in a muffle furnace at a temperature of 350°C for 4 h, and then cooled to room temperature. The rubricans powder of the final product was collected for the characterization and applications.
Characterization
The morphologies and structures of the sample were examined by scanning electron microscopy (SEM,S-4800, Germany), the crystallographic phases of the as-prepared sample were investigated by D/MAX-2400X X-ray diffractometer with Cu-Kα radiation (λ=0.154056 nm), employing a scanning rate of 10°min −1 in the 2θ range of 10°-90°.
Electrochemical studies were carried out in a threeelectrode system. A piece of nickel foam mesh coated with freshly prepared Co 3 O 4 nanoarchitectures, a platinum electrode, and a saturated calomel electrode (SCE) were used as working electrode, counter electrode, and reference electrode, respectively. The working electrode was composed of active material (Co 3 O 4 , 75 wt.%, 1 mg cm −2 ), graphite(5 wt.%), conductive material (acetylene carbon black, ATB, 5 wt.%) and binder (polytetrafluoroethylene, PTFE, 10 wt.%), and 5 % ethyl alcohol. The mixture of electrode materials was ground for 10 min and coated onto the surface of nickel foam meshes (1×1 cm 2 ). Then the meshes were dried at 80°C for 12 h and then pressed under 10 MPa to obtain a working electrode. The electrochemical measurements were evaluated by the means of cyclic voltammetry (CV), chronopotentiometry (CP), and electrochemical impedance spectroscopy (EIS) in a beaker cell with 2 mol L −1 KOH aqueous solution as the electrolyte.
The specific capacitance (SC) values determined from the CP curves were calculated according to the following equation:
where Cs, I, t, m, and V are SC (F g
), the discharge current (mA), the discharging time (s), the mass of the electroactive material (mg), and the potential interval of the discharge (V), respectively. All of the above electrochemical measurements were evaluated on a CHI660B electrochemical workstation (Chenhua, Shanghai, China).
Results and discussion
XRD patterns of Co 3 O 4 Figure 1 shows the XRD patterns of Co 3 O 4 . It is indicated that all of the diffraction peaks in the XRD profile of the product are well indexed into the cubic Co 3 O 4 (JCPDS card no. 42-1467, a=0.8037) with sharp and slender peaks, which implies the excellent degree of crystallinity. Finally, no other peaks were detected, which indicate its high purity.
SEM images of Co 3 O 4
The scanning electron microscope images of the Co 3 O 4 prepared by hydrothermal synthesis in Fig. 2 show that the features of Co 3 O 4 are graduating from eight-side cube to loosen the flake structure to amorphous fleecinesses as the content of the hexametaphosphate calgon increases, which may result from the important role of the structure-directing agent. Under normal circumstances, there are three ways how crystal structure control agents influence on Co 3 O 4 [33] from the point view of crystallography [34] : the exposure to atomic density and symmetrical characteristic of different directions which could lead the diversity of electronic structure, the binding, and the surface energy together with chemical activity on distinct lattice plane. It seems that the inorganic ligands have selective adsorption on some crystal face along with crystal nucleation growth. The hexametaphosphate anions and hydrazine hydrate ions may function as linkers connecting to Co 2+ , which affect the structure during the process of particle growth and can change the speed of growth owing to the specific adsorption of inorganic matter on <111> crystal face; so particles with morphology different from the crystal balance morphology are formed. After washing and calcination, inorganic ligands were removed, which lead to the special morphology. . It is well accepted that the pseudocapacitive process is associated with two redox couples [35] which are reflected in the equation below. The first redox couple A1/B1 corresponds to the conversion between CoOOH and Co 3 O 4 as illustrated as below and the second redox couple A2/B2 is attributed to the change between CoOOH and CoO 2 , which are well-defined good pseudocapacitive characteristics of the final product of Co 3 O 4 caused by fast and reversible faradaic redox reaction of the materials. As the scan rate increases, the anodic peaks shift toward high potential and the cathodic peaks move toward negative potential simultaneously, respectively; and the broad and cathodic peaks become overlapped, which may be attributed to the polarization caused by the high scan rate of the redox peaks [36] : −2 Hz. In Fig. 5 , the impedance spectra are composed of one semicircle in the high-frequency range corresponding to the double-layer capacitance and ionic diffusion process which a straight sloping line in the low-frequency range corresponding to the diffusive resistance resulted by Warburg behavior. At high frequencies, the impedance behaves like a resistance; as the frequency becomes lower, the slope of all the impedance plots increases and tends to become purely capacitive, which demonstrates that the electrochemical capacitance of this capacitor is higher.
Electrochemical measurement of Co
To further confirm the influence of the nanostructure on the electrochemical performance, the equivalent circuit which is consistent with the above behaviors is shown in Fig. 6 . The charge-transfer resistance of Co 3 O 4 is called R ct , which has been described as a pseudocharge-transfer resistance and a straight sloping line in the low-frequency range corresponding to the diffusive resistance. R sol is the solution resistance in the circuit. Besides, the two constant-phase elements CPE 1 and CPE 2 are denoted as the double-layer capacitance and ionic diffusion process resulting in Warburg behavior in the electrode, respectively.
In order to evaluate the stability of the Co 3 O 4 electrodes, the charge-discharge cycling tests were conducted for 250 cycles. Figure 7 shows the cyclic performance of Co 3 O 4 electrode in 2 mol L −1 of KOH electrolytes at 5 mA cm
. As shown in Fig. 6 , the stability of the material is excellent except for an initial decrease of capacitance in the first 50 cycles. As the cycle number increases, the specific capacitance of the electrode gradually declines because of the long time of charge-discharge cycles, and the active materials composed of formless and loose structures expanded and shrank into some extent in order to induce a significant decrease. It may lead to the drop of activities of the nickel foam substrate, which results to the obvious decrease of capacitance. In the end, the initial capacitance of the Co 3 O 4 electrode just decreased to 10.05%.
Conclusions
In summary, Co 3 O 4 of amorphous structures which adopted sodium hexametaphosphate calgon as structure-directing agent were successfully synthesized in large scale via two step strategies: preparation of the precursor followed by calcination process. The results of XRD indicate that the prepared material is mainly composed of Co 3 O 4 . The SEM showed that the morphology of as-prepared Co 3 O 4 was formless and loose in structure. Cyclic voltammetry, chronopotentiometry, and electrochemical impedance measurements are applied in a mild aqueous electrolyte to investigate the performance of the . Besides, the SC degradation is only 10.05 % after 250 continuous charge-discharge cycles at 5 mA cm −2 , which indicates excellent electrochemical stability. Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited.
